Atmospheric temperature and moisture profiles, and their related sea surface temperature distribution in the western Pacific during the Air Mass Transformation Experiment (AMTEX) are derived, using the NOAA Vertical Temperature Profile Radiometer (VTPR) data, in comparison with the AMTEX special observations.
(AMTEX) are derived, using the NOAA Vertical Temperature Profile Radiometer (VTPR) data, in comparison with the AMTEX special observations.
A method for simultaneously deriving atmospheric moisture profiles and their related sea surface temperature distribution for given temperature profile using the VTPR water vapour absorption and atmospheric window channel radiances is proposed, so that the effect of the atmospheric attenuation by water vapour absorption is corrected without using conventional radiosonde observations. The AMTEX '74 period was generally under could-free conditions, over the AMTEX area in the western Pacific. Two case studies for February 14 and 18, 1974 , indicate that the NOAA 2 VTPR data are useful not only for retrieving atmospheric temperature profiles, but also for detecting large-scale ocean currents in the western Pacific. The VTPR derived atmospheric moisture profiles and a simultaneously corrected sea surface temperature distribution are presented. On the other hand, the AMTEX '75 period was mostly under cloudy conditions in the western Pacific. Regression coefficients determined using coincident radiosonde/VTPR clear radiance data for February 18, 21 and 26, 1975 
Introduction
The quantitative measurements of temperature, humidity etc. at various heights are the fundamental observations required by the present weather forecasting.
Up to the present, such measurements in the free atmosphere have been made by balloons or rockets. Since these observations are only available from residential lands and a few ships, there are large sparse areas in the upper-air observation network.
Based on Kaplan's suggestion that vertical temperature profiles may be estimated by satellite infrared spectrometer measurements in the 15 p CO, bands (Kaplan, 1959) , the satellite infrared spectrometer (SIRS) (Wark, 1970 ; Wark and Hilleary, 1969 ; and Wark et al., 1970) , and the Infrared Interferometer Spectrometer (IRIS) (Conrath et al., 1970 ; Conrath, 1969 and Hanel et al., 1972) have been designed to sense temperatures from satellites and tested on each of the Nimbus 3 and 4 satellites, indicating the great capability of satellite infrared soundings. A detailed description of the principles of these instruments and data reductions is given by Fritz et al. (1972) .
The Vertical Temperature Profile Radiometer (VTPR) aboard the NOAA satellite series are the operational systems designed to provide global upper-air data to weather services, making routine observations from which atmospheric temperature soundings are derived.
A full description of the VTPR instrument, the procedure to obtain "clear radiances" from cloud-contaminated radiance measurements, retieval techniques to obtain atmospheric, temperature and moisture profiles from "clear radiances"
etc. is given by McMillin et al. (1973) .
The method used operationally at National Environmental Satellite Service (NESS), U.S. A. until March 1975 to retrieve real-time temperature and thickness profiles was called the Minimum Information
Method, and was a matrix inversion solution for the difference from a first-guess profile. Since March 13, 1975 , the Regression after Categorization
proposed by Werbowetzki (1975) has been used as the operational algorithm to retrieve temperature and geopotential hight profiles.
On the other hand, the determination of sea surface temperatures from satellite radiometer measurements is one of the important problems in oceanographic observations. Up to the present, such sea surface temperatures have been determined using satellite high resolution infrared imageries in the atmospheric window region (Curtis et al., 1969 ; Smith et al., 1970b ; Rao et al., 1972, and Cogan and Willand, 1976) .
As will be showh later, a NOAA VTPR instrument provides the radiance measurements in both water vapour absorption band and atmospheric window region, in addition to those in the CO, bands. But no attempt has so far been made to simultaneously derive atmospheric profiles and their related sea surface temperature distribution using such multi-channel infrared radiometer data.
During the AMTEX '74 and '75, when the upper-air and oceanographic special observations were made over the AMTEX area in the western Pacific, the NOAA 2 and 4 VTPR data tapes were respectively collected as part of the AMTEX data sets, together with other meteorological satellite imageries. The analysis has indicated that the VTPR window channel brightness temperature patterns are extremly useful for detecting largescale ocean currents in the western Pacific when the ocean is broadly under cloud-free conditions, but the departures from the shipobserved sea surface temperatures are considerably large especially at low latitudes. Since such departures are evidently caused by atmospheric attenuation due to a large amount of water vapour at these latitudes, we have developed a method for simultaneously deriving atmospheric moisture profiles and sea surface temperature distribution, so that the effect of atmospheric attenuation on the atmospheric window brightness temperatures is automatically corrected.
On the contrary, when the ocean is broadly under cloudy conditions, the VTPR data are not appropriate for retrieving atmospheric profiles, nor for deriving sea surface temperature distribution. In such case, it would be necessary to use satellite microwave radiometer data which provide atmospheric profiles etc. under nearly all weather conditions. In this paper, the following will be discussed using the NOAA VTPR data collected during the AMTEX periods : 1) With what accuracy the atmospheric temperature and moisture profiles are derived under cloud-free conditions? 2) Is it possible under cloud-free conditions to detect ocean currents in the western Pacific ?, and also to determine the sea surface temperature distribution corrected for the atmospheric attenuation due to water vapour absorption ? In 2.1 the VTPR instruments and data reduction are briefly reviewed and then in 2.2 the methods for deriving atmospheric temperature profiles, one of which has been used in this paper will be described. And finally will be presented in 2.3 a method for simultaneously deriving atmospheric moisture Both the NOAA SR and VHRR provide 2 channel imageries in the visible and infrared regions.
The VHRR visible and infrared imageries provide the same resolution of 1 km at their subpoint, while the SR visible and infrared imageries have resolutions of 3.7 and 7.4 km, respectively.
The VHRR imageries will also be presented for comparison.
On the other hand, the NOAA VTPR provides 8 channel non-imagery data in the infrared region, the analysis of which is the main subject of the present work.
As described by McMillin et al. (1973) , a NOAA VTPR instrument scans in 23 discrete steps, from left to right, perpendicular to the satellite sub-point track, and provides 8 channel radiances measured for each of the 23 scan spots at the band width 0.09 p to 0.5 p (4 cm-1 to 16 cm-1). As shown in Table  1 , the first 6 bands are located in the 15 p CO, regions, the 7th band in the 19 p region where absorption of water vapour prevails, and the 8th band in the 12 p atmospheric window.
After a set of eight spectral measurements has been obtained, the scan morror is stepped to the next spot. When the 23 spots have been observed, the mirror returns to the original position. The pattern resulting from the scanning is shown in Fig. 1 , which has been presented by McMillin et al. (1973) .
In the figure, the spot sizes for the center and edge spots are 69.6 km >< 67.1 km and 111.2 km X 84.2 km, respectively.
Eight scan lines are devided into three boxes of 8x8, 8 x 7 and 8x 8 spots, and clear radiances are deduced for these boxes indicated by Xs to retrieve atmospheric profiles.
All raw radiance data for these boxes, and clear radiances together with some retrieved temperatures thus deduced under relatively cloud-free conditions have been recorded on archival tapes at NESS* to provide to users. Table 2 shows the NOAA VTPR data tapes collected during the AMTEX periods, from which the western Pacific data have been obtained to derive atmospheric profiles and sea surface temperature distribution using the methods which will be shown in 2.2 and 2.3. The formats of the NOAA 2 VTPR tapes have also been described in detail by McMillin et al. (1973) . But the NOAA 4 VTPR tape formats have been changed from the CDC 6-bit to the IBM 8-bit formats. (Wark, 1961; Yamamoto, 1961; Wark and Fleming, 1966 ; Wark and Hilleary, 1969 ; Wark et al., 1970 ; Smith et al., 1970a Smith et al., , 1972 Rodgers, 1970 ; Smith et al., 1972 ; Weinreb, 1976 and Werbowetski, 1975) . However at the beginning of the 1970's, since the regression method (Smith et al., 1970a) and the minimum information method (Rodgers, 1970 and others) have significantly contributed to the improvements in atmospheric sounding techniques from satellites, we first review these two methods and then describe the method proposed by Werbowetski (1975) , which has mostly been used in the present work.
For a nonscattering cloudless atmosphere in local thermodynamic equilibrium, the spectral radiance observed at the top of the atmosphere, i (v) On the other hand, the minimum RMS method proposed by Rodgers (1970) gives the following solution :
where B' is a matrix of the Planck function departures from their sample means, /' is a matrix of the observed radiance departures from their sample means, R and E are the covariance matrix of the Planck function and instrumental noise, respectively, and K is the covariance matrix of the weighting functions. The experimental results obtained using a modification of this method are reported by McMillian et al. (1973) . Recently, the minimum information algorithm with radiance adjustments was proposed by Weinreb (1976) .
The minimum information method uses physics and climatology, while the regression method disregards physical properties of the atmosphere described by the radiative transfer where C1 and C2 are constants.
The equivalent black body temperature TB corresponding to the radiance I(v) in Eq. . (2) The regression method proposed by Smith et al. (1970) gives the following solution :
where T' is a matrix of observed atmospheric equation.
Before the NOAA VTPR data were collected during the AMTEX periods, both methods were examined using simulation (not actual) data for 13 pressure levels. The two atmospheric temperatures thus obtained are shown in Fig. 2 . However in the figure, no significant difference can be seen between the two methods.
Although the minimum information method which is a matrix inversion solution for the difference from a first-guess profile is based on the physics of the atmosphere, errors in the first-guess fields and in any of the eight VTPR channel weighting functions will caused significant errors in the integration of the radiative transfer equation (1). To offset these problems, the following regression algorithm has been proposed by Werbowetzki (1975) : where i is the standard atmospheric level, j is the VTPR channel number and A is the coefficients to be determined.
This can be written in the matrix form, where T is the temperature vector with 15 pressure level components, R the radiance vector with n channel components, and A is the conversion matrix with 15 x 8 elements.
As stated in 1, the above regression algorithm has been used operationally at NESS/NOAA since March 1975. On parallel to this algorithm, an improved minimum information method has also examined by Weinreb (1976). But we do not intend to discussed here which algorithm has overwheling advantages over others, because our main purpose is not confined to derive atmosheric temperature profiles only.
In the present work, all atmospheric temperature profiles have been obtained using the regression algorithm given in Eq. (9) or (10), and compared with the AMTEX special observations. The atmospheric temperature profiles thus obtained have also been used to derive atmospheric moisture profiles and their related sea surface temperature distribution, using a method as presented in 2.3.
2.3. A method for simultaneously obtaining atmospheric moisture profiles and sea surface temperature distribution As stated in 2.1, a NOAA VTPR instrument provides one water vapour absorption and one atmospheric window channel radiances in addition to six CO, channel radiances. Since the water vapour absorption channel is located at a band where absorption of water vapour is largest, its measurements are related to the water vapour content concentrated in the lower atmosphere. Some examples of experimentally retrieved moisture profiles are reported by McMillin et al. (1973) , but no operationally retrieved moisture profiles are contained on the VTPR data tapes collected during the AMTEX periods.
On the other hand, the atmospheric window channel is located at a region where the absorption of water vapour and other gaseous constituents are least, and its measurements provide the distribution of cloud cover, temperatures of cloud tops, and land and sea surfaces. However, an analysis of the sea surface temperatures over the AMTEX area has indicated that the atmospheric window channel brightness temperatures are 5° to 6°C lower than the ship-observed sea surface temperatures.
As will be shown in 3.3, a numerical simulation has shown that the brightness temperature values estimated from the observed atmospheric profiles and sea surface temperatures using the radiative transfer equation are of the same order as the satellite-observed brightness temperatures. This suggests that an automatic correction for the effect of atmospheric attenuation due to water vapour absorption on the brightness temperatures can be obtained, if the atmospheric moisture profiles and their related sea. surface temperatures are simultaneously derived from the VTPR radiance data.
Next will be presented a method of simultaneously obtaining the atmospheric moisture profiles and sea surface temperatures for given atmospheric temperature profiles using the water vapour absorption and atmospheric window channel radiances. For a cloudness atmosphere, the VTPR spectral radiances, I(v), measured at the top of the atmosphere may be expressed by where B(i), T(p)) is the Planck function at wavenumber v and temperature T(p), p is the fractional transmittance of water vapour between the pressure level and the top of the atmosphere.
The subscript s refers to ocean surface values.
The transmittances of water vapour, r(., p), are given by where k, is the absorption coefficients of water vapour, W(p) is the water vapour mixing ratio to be determined, g is the acceleration of gravity and p is the pressure.
Absorption coefficients of water vapour in the region where the VTPR water vapour absorption (18.69 p) and atmospheric window (11.97 p) are included are controversial, though the 6.3 p fundamental has been investigated by many researchers. Prabhakara and Rasool (1962) have summarized the absorption coefficients of water vapour in the 7 to 30 p region. The transmission in the 10 p window region has been investigated by Roach and Goody (1952) , Davis and Viezee (1964) , Bignell (1970) and Burch (1970) . Recently, McClutchey et al. (1973) have compiled absorption line parammeters in the 1 p to far-infrared region.
As will be discussed in 3.3, the absorption coefficients of water vapour used eventually in the present work have been estimated at 2.5 cm2/gr in the 18.69 p and 0.14 cm2/gr in the 11.97 p, from the results obtained by Prabharaka and Rasool (1962) and Davis and Viezee (1964) , respectively.
With these absorption coefficients, we next consider how to simultaneously determine the mixing ratio profile W(p) and sea surface temperature T,, for an atmospheric temperature profile T(p) retrieved in the same way as shown in 2.2. If the sea surface temperature is further given in some way, then the mixing ratio profile will be obtained at least for two levels from Eqs. (11) and (12). On the contrary, if the sea surface temperature is to be a predictor, then only the constant mixing ratio profile for all levels or the total amount will be obtained, unless other statistical information is used. In order to obtain the vertical moisture profile for five pressure levels, we have also used the statistical relations as described by McMillin et al. (1973) . The solution of the mixing ratio profile Wj is assumed to have the form where Wt is the guess mixing ratio profile, C is a constant to be determined, and co; is an empirical orthogonal function. For simplicity, co; is assumed to be W itself. And W .? is assumed to have the form where H is a matrix of regression coefficients, and W; and Tj are the mean mixing ratio and temperature profile, respectively.
If these statistical relations are taken into account, then the procedure to simultaneously determine vertical moisture profiles and sea surface temperatures is summarized as follows :
1) Determine the atmospheric temperature profile 71; (j=1, 2, .
•-, 15) from the VTPR clear radiances, using the regression algorithm in Eq. (9), 2) Compute W; (j=1, 2, .
•., 5) in Eq. (14). 3) Compute W .; (j=1, 2, 5) in Eq. (13) using the first guess of C, 4) Compute r (i=1, 2) using the absorption coefficients ki (i=1, 2), 5) Compute the righthand side of Eq. (11) using the initial guess of T,, 6) Iterate the procedure shown in 2) through 5) until Eq. (11) is satisfied, and 7) Transform Wj to Tdj after the iteration.
. is completed, where Tdjisthe atmospheric dewpoint temperature. Here, the convergence for this iterative method has been examined using hypothetical data.
The next problem is to determine the sea surface temperature distribution.
The sea surface temperature T, obtained in the above -procedure gives the mean surface temperature over the boxes of 8x8, 8x7 or 8x8 spots as shown in Fig. 1 . The sea surface temperature distribution over one of these boxes are then obtained, assuming that 1) for each scan spot over such a limited area as a box, atmospheric temperature and moisture profiles are the same , and are given by Tj and Tdj, respectively, and therefore 2) the different brightness temperature for each scan spot is simply due to the different sea surface temperature there.
It is evident that the above procedure gives the sea surface temperature distribution over a box where the effect of atmospheric attenuation is automatically corrected without modification of the original brightness temperature pattern. When constructing the sea surface temperature distribution over a large area where several boxes are included, some smoothing techniques are required at the boundaries between adjacent boxes. The discontinuous values of corrected temperatures at these boundaries are usually smoothed taking a simple areal mean there, if the sea surface temperature T, is adequately determined for each of the adjacent boxes, the accuracy of which depends partly upon the VTPR retrieved atmospheric temperature profiles over the same boxes.
3. The NOAA 2 VTPR experiment during the AMTEX '74
As stated in 2.1, the VTPR data for the western Pacific during the AMTEX '74 were obtained from the NOAA 2 VTPR data tapes. Generally speaking, the AMTEX area set up at East China Sea in the western Pacific was more frequently under cloud-free conditions during the AMTEX '74 than during the AMTEX '75, the analysis of which will also be presented in 4. However, since the main purpose of the present work is to simultaneously derive the atmospheric profiles and their related sea surface temperature distribution over the western Pacific, two cases for February 14 and 18, 1974 when the western Pacific was broadly under cloud free conditions. Therefore, the data used here are not necessarily large enough when restricted to the atmospheric soundings only, but the analysis has indicated the great capability of simultaneous remote sensing of the atmosphere and ocean surface from the NOAA 2 satellite.
In 3.1 of this section, the atmospheric temperature profiles retrieved using the regression algorithm shown in Eq. (10) are first compared with the AMTEX special abservations. Then in 3.2 the large-scale ocean currents in the western Pacific are discussed, using the VTPR atmospheric window brightness temperature patterns. And finally in 3.3 the atmospheric moisture profiles and corrected sea surface temperature distribution are simultaneously derived for the VTPR retrieved atmospheric temperature profiles, using the VTPR raw radiance data for the water vapour absorption band and atmospheric window region.
3.1. Atmospheric temperature profiles The clear radiance data as well as the raw radiance data used in this section were also obtained from the NOAA 2 VTPR data tapes. But no atmospheric temperature profiles retrieved using the Minimum Information Method as described in 2.2 were obtained for the western Pacific, except for the western hemisphere.
To retrieve atmospheric temperatures for the western Pacific, the regression algorithm shown in Eq. (9), which became operationary at NESS/NOAA on March 1975 has been used.
As reported by Werbowetzki (1975) , this algorithm is dependent on coincident radiosonde/VTPR clear radiance data only. However, since the VTPR data used in this section were those obtained from two orbits for February 14 and 18, 1974, the regression coefficients in Eq. (9) have been determined using eight coincident VTPR retrieved ternperature/VTPR clear radiance data, sampled from low latitudes in the western hemisphere, instead of using coincident radiosonde/VTPR clear radiance data. A (8 x 15) matrix of regression coefficients thus obtained is shown in Table 3 . Notice that the first matrix A of the regression coefficients is removed in the Table. Fig . 3 shows the NOAA 2 VTPR scan pattern for February 14, 1974 where the VTPR clear radiance data are given to obtain atmospheric temperature profiles at each grid point indicated by X, as shown in Fig. 1 . To compare the VTPR retrieved temperature profiles with radiosonde-observed profiles, the grid points are also numbered 1 through 21. Locations of ships over the AMTEX area and land stations nearby are indicated by the capitals of the ship names and the international station numbers, respectively.
Although atmospheric temperature profiles were retrieved for all the grid points shown in Fig. 3 
Ocean currents in the western
Pacific Since satellite infrared measurementslin the atmospheric window region provide imageries of cloud cover, temperatures of cloud tops, and land and sea surfaces, they are very useful to investigate sea surface temperature distribution when the oceans are broadly under cloud-free conditions.
When the oceans are broadly under cloudy conditions, it is difficult to investigate the sea surface temperature distribution as long as the satellite infrared imagery for a particular day is used. To remove the presence of clouds for this particular day, a time-cornpositing method has been investigated by Smith et al. (1970b) . This statistical method. is useful to construct the sea surface temperature distribution as averaged over five days or ten days, for instance, corresponding to the ten-day sea surface temperature distribution published by the Japan Meteorological Agency (JMA), Japan. In order to construct daily sea surface temperature distribution, it will be necessary to use satellite microwave data which are available under nearly all weather conditions, instead of satellite infrared data.
However, since the VTPR data for February 14 and 18, 1974 were obtained under relatively cloud-free conditions, the VTPR window channel brightness temperature patterns were first used to determine the sea surface temperature distribution, detecting the large-scale ocean currents in the western
Pacific. Fig. 8 It is evident that the warm temperature areas as seen in the Sea of Japan and also in the western Pacific are , closely related to their respective surface temperatures. Thus the heavy lines connecting the peaks of temperature there are regarded as corresponding to large-scale warm ocean currents in the Sea of Japan and in the western Pacific. As will be discussed later again, the peak temperature line in the Sea of Japan is identified as the Tsushima Current (warm), and the other peak temperature line meandering off the southern coast of the Japan Islands is identified as the main Kuroshio Current (warm) in the western Pacific, corresponding to the Gulf Stream in the western North Atlantic. Furthermore, two peak temperature lines seen at low latitudes may be related to the subtropical Counter-Current and to the North Equatorial Current, respectively.
Also shown in Fig. 9 is the NOAA 2 VTPR brightness temperature pattern in the atmospheric window region, constructed for February 18, 1974. This pattern covers the Japanese main islands through Okinawa to the Philippines in the NE-SW direction, while the February 14 pattern is oriented in the SE-NW direction.
It is seen that the Kuroshio Current originated at low latitudes has two branches to the south of Kyushu, one is the main Kuroshio Current running east-northeast-wards off the southern coast of the Honshu, and the other is the Tsushima Current running northeast-wards in the Sea of Japan. Also the Subtropical Counter-Current and the North Equatorial Current can be detected.
During the AMTEX '74, the NOAA 2 Very High Resolution Radiometer (VHRR) imageries were produced experimentarily but not operationally at the Japan Meteorological Agency (JMA). Actually, their products became operational on March 1, 1974 when the AMTEX '74 special observations were already finished. Fig. 10 shows a NOAA 2 VTPR infrared imagery on the polar stereographic projection for 1110Z 18 February 1974, produced experimentarily at the JMA. The northern boundary of the Kuroshio Current can be clearly seen off the eastern coast of the Kanto District, Japan, but the other ocean currents are difficult to detect because of the imagery of poor quality. Although the NOAA VHRR imagery shown in Fig. 10 is not of good quality, the VHRR imageries produced operationally since March, 1974 are in general more excellent than anticipated.
During the spring season the sharp temperature contrast between the main Kuroshio Current (warm) and the Oyashio Current (cold) originated in the Sea of Okhotsk can be seen off the eastern coast of the Kanto District.
And also the Tsushima Current in the Sea of Japan and the Tsugaru Current which is the branch of the Tsushima Current can be easily seen under cloud-free conditions.
However over the ocean located to the southwest to south of Japan, the temperature gradients are generally too weak in the VHRR infrared imageries, to detect the whole ocean currents in the western Pacific as shown in Figs. 8 and 9. Thus it is concluded that the NOAA VTPR window channel brightness temperature patterns are useful to obtain a general view of the large-scale ocean currents in the western Pacific, while the VHRR infrared imageries are useful to obtain the fine structure of ocean currents at limited areas.
So far we have discussed the ocean currents in the western Pacific using the VTPR window channel brightness temperature patterns. The next problem is to examine how these brightness temperature patterns are related to the ship-observed sea surface temperature distribution.
If there are significant differences between the two temperature values, the VTPR brightness temperature values must be corrected to obtain the sea surface temperature distribution, which will be shown in 3.3. Fig. 11 shows a ten-day mean sea surface temperature distribution for February 11 to 20, 1974, produced by the JMA. In the figure, large temperature gradients can be seen in the ocean off the eastern coast of the Kanto District where the Oyashio Currents (cold) and the main Kuroshio current (warm) meet, and also the warm temperature area related to the Tsushima Current is seen in the Sea of Japan. To the south of the Kuroshio Current there are also seen relatively large temperature gradients, corresponding to the Subtropical Counter-Current.
A comparison of this chart with the VTPR brightness temperature patterns shown in Figs. 8 and 9 shows that the brightness temperatures are 2°C lower in the Sea of Japan, and 5°C to 6°C lower at lower latitudes than the mean sea surface temperatures, respectively.
It is evident that the large difference between the brightness temperatures and the observed sea surface temperatures at low latitudes are due to the atmospheric attenuation by the high contents of water vapour there. Of course, the atmospheric attenuation is caused by carbon dioxide and ozone, but the water vapour attenuation may be the greatest.
The effect of water vapour and carbon dioxide absorptions on the brightness temperatures may be investigated using the radiative transfer equation. In Eq. (11) if the effect of carbon dioxide absorption is taken into account, then the transmittance v(v, p) is expressed by where k1, and lz,, are the absortion coefficients of water vapour and carbon dioxide, respectively, and W and Q are their mixing ratios, and g is the acceleration of gravity.
As stated in 2.3, the absorption coefficient of water vapour, le,", is estimated at 0.14 (cm2/gr) from the result obtained by Davis and Viezee (1964) . The transmittance of carbon dioxide in the infrared region has been investigated by Stull et al. (1964) . Their result indicates that the absorption coefficient of carbon dioxide, 1-?2,, is estimated at 0.000185 (cm2/gr). Numerical simulations made using these absorption coefficients have shown that the contribution of the CO, transmittance to the difference LIT=-Ts-TB is of the order of 1.5°C, where T, and TB are respectively the sea surface temperature and VTPR brightness temperature.
The simulations have also shown that when the difference ZIT=Ta-T, where T. is the surface air temperature is large, the difference ZIT=Ts-TB exceeds the contribution of the H20 transmittance, suggesting that the surface temperature T, should be re- cloud-free regions at low latitudes the channel 7 brightness temperatures are about 10°C lower than the channel 8 ones, indicating that the water vapour amount is considerably large at these latitudes.
In order to quantitatively determine atmospheric moisture profiles and their related sea surface temperature distribution from the channel 7 and 8 VTPR radiance data, it is necessary to estimate the absorption coefficients of water vapour for both channels. The absorption coefficient for the channel 8 radiances has already been estimated in 3.2. However at the beginning of the present work, since the absorption coefficients for both channels were controversial, we have also examined how the mixing ratio Wi (j=1, 2, ••.
, 5) and the sea surface temperature T, vary with different absorption coefficients k, (v=535 cm-1 and 833 cm-1), when the atmospheric temperature Ti (j.=1, •• .15) and the radiances I(v) (v=535 cm-1 and 833 cm-1) are fixed. The absorption coefficients used are : k,=1.5, 2.0, 3.5 cm2/gr for v=535 cm-', and k,--=0.09, 0.14, • -, 0.29 cm2/gr for v=833 cm-1, respectively. The numerical simulation made using these absorption coefficients has indicated that the departure ot the sea surface temperature T, from the VTPR window channel brightness temperature TB ranges from 2°C to 10°C. This experimental result has also indicated that the absorption coefficients, 1-4=2.50 cm2/gr for v=535 cm-' and k,=0.14 cm2/gr for v=833 cm-1, are appropriate for our study, which have been estimated from the results obtained by Prabhakara and Rasool (1962) and Davis and Viezee (1962) , respectively.
Using these absorption coefficients and the atmospheric temperature profiles retrieved in 3.1, we shall next derive atmospheric moisture profiles and their related sea surface temperature distribution in the same way as shown in 2.3.
Figs. 14 and 15 show comparisons of the VTPR retrieved temperature and dewpoint temperature profiles with nearly simultaneously radiosonde-observed profiles. The location number of the VTPR retrieved profiles in the figures is already given by the VTPR scan pattern shown in Fig. 6 . The regression coefficients used for obtaining the temperature profiles are the same as those for the February 14, 1974, case. The matrix of regression coefficients H in Eq. (14) 4.1. Atontospheric temperature profiles Atmospheric temperature profiles have also been retrieved using the regression algorithm shown in Eq. (9). To determine the regression coefficients, 64 coincident radiosonde /VTPR clear radiance data sampled from six orbits for February 18, 21 and 26, 1975 have been used. In the case of AMTEX '75, the regression coefficients for the following spectral radiances have been examined using the same data : 1) all eight spectral radiances, 2) seven spectral radiances where the water vapour absorption channel radiances are removed, and 3) six CO, spectral radiances only.
The results have indicated that the standard deviations of these regression coefficients are the smallest for all eight spectral radiances, though the difference from others is not significant. In this section, only the regression coefficients obtained for all eight spectral radiances and their standard deviations are shown in Table 5 . In the Table the regression coefficients at 10 mb pressure level are removed, because of few radiosonde data at this level.
Regression coefficients for the above spectral radiances have also obtained using coincident VTPR retrieved temperature/VTPR clear radiance data. The regression coefficients for all eight spectral radiances are shown in Table 6 . The result shows that the standard. deviations of regression coefficients thus obtained are smaller at almost all levels than those obtained by using coincident radiosonde /VTPR clear radiance data which is shown in Table 5 . Fig. 18 shows the radiosonde-observed temperature profiles and their departures from those retrieved using three types of coefficients, one of which has been shown in Table 5 26, 1975 are within 1°C at almost all levels below 100 mb, but exceed 3°C at levels above it.
In the present work, regression coefficients were also examined using coincident radiosonde/VTPR clear radiance data, sampled only from latitudes south of 35°N. However, the standard deviations were not so small as anticipated ; they showed even larger values. 26, 1975 , produced operationary at the JMA. In the figure, the clouds associated with an occuluded cyclone are seen over eastern Hokkaido, and well-defined cloud bands are observed, extending from 40°N 155°E through 30°N 140°E, 26°N 130°E to 28°N 122°E. Over the Siberian continent there can be seen relatively cloud-free regions. In the Sea of Japan, it is observed that cloud streets associated with the NW winter monsoons originated in the continent are formed and extend SE-wards to the Sea of Japan side of Japan, resulting in heavy snowfalls in this district. The AMTEX area set up at the East China Sea is locally under cloud-free conditions. Fig. 21 also shows a NOAA 4 VHRR infrared imagery produced simultaneously at the JMA. In the figure, it On the other hand, the channel 7 brightness temperature pattern is based on the measurements in the region where absorption of water vapor prevails. It should be noticed that this pattern is quite similar to the channel 8 brightness temperature pattern, but the absolute values of the channel 7 brightness temperatures are in general lower than those of the channel 8 pattern. However, the temperatures of the cyclone clouds over eastern Hokkaido are nearly -40°C for both channels, suggesting that the amount of water vapor is very small at levels above the cloud tops there. Also the land temperatures over the Siberian continent are nearly -20°C for both channels, indicating that the air over the continent is very dry in winter. Between 20°N and 30°N , the temperature differences between both channels are in general large in cloud-free regions, due to the atmospheric attenuation by a large amount of water vapor at these latitudes. The temperature differences between both channels are also large in the cloudy region located to the south of the Philippines. This suggests that the amount of water vapor at low latitudes is larger even at levels above the clouds tops than at middle latitudes. Fig. 23 shows the VTPR brightness temperature patterns for the channel 5 and 6 radiances (CO, bands). Similar to the channel 7 and 8 brightness temperature patterns, the effect of clouds are observed. The brightness temperatures over eastern Hokkaido, Japan and the Philippines are approximately same as for the channel 7 and 8 patterns.
Also shown in Fig. 24 are the VTPR brightness temperature patterns for the channel 3 and 4 radiances (CO, bands.). The channel 4 brightness temperature pattern is still affected by clouds, but the temperature gradients are considerably weak. However, the channel 3 pattern shows that the effect of clouds is generally weak except over eastern Hokkaido, and the temperature decreases uniformly toward the south.
Finally, Fig. 25 shows the VTPR brightness temperature patterns for the channel 1 and 2 radiances (CO2 bands). No effect of clouds can be seen. Between 50°N and 30°N, the brightness temperatures decrease uniformly toward the south for both channels, but the temperature gradients for the channel 1 pattern are more weaker than those for the channel 2. There can be seen a low temperature area centered in the Philippines, which is more clearly defined for the channel 2 than for the channel 1 pattern. So far we have described the interrelation between the VTPR brightness temperature patterns for all the eight channels, based on the VHRR visual and infrared imageries, all obtained simultaneously on February 26, 1975 . The similarity of one brightness temperature pattern of the VTPR channels to another can be investigated quantitatively by the autocorrelation matrices. It is seen that over the areas centered at (A) and (B) the channel 8 brightness temperature pattern is correlated positively with the channel 7 through 4 patterns, but negatively with the channel 3 through 1 patterns.
The correlations between the channel 3 through 1 patterns clearly show positive values.
On the other hand, over the area indicated by (C) the,channel 8 pattern is correlated positively with the channel 7 through 4 and negatively with the channel 3 and 2 patterns, but again weak-positively with the ehannel 1 pattern.
Over the area indicated by (D), the channel 8 pattern is correlated positively with the channel 7 through 4 to 3 patterns and weakpositively with the channel 2. The channel 2 pattern is also correlated positively with the channel 1 pattern.
The CO, channel brightness temperature patterns obtained above are closely related to the atmospheric temperature patterns at levels where the CO, weighting functions give the largest values. The details of the CO, transmittances and weighting functions are given by McMillin et al. (1973) . The largest values of the channel 1 to 3 weighting funetions appear at the stratosphere and those of the channel 4 to 6 appear in the troposphere.
The negative correlations between the channel 1 to 3 and the channel 4 to 8 brightness temperature patterns indicate that the atmospheric temperature patterns in the stratosphere are negatively correlated with those in the troposphere. As in the case of the AMTEX '74, the absorption coefficients of water vapour used in this case study are k,=2.50 cm2/gr for v=535 cm-1 and k,-=-0.14 cm2/gr for 1.)--833 cm-1. The atmospheric temperature and moisture profiles thus obtained and nearly simultaneously observed radiosonde profiles are shown in Fig. 27 . The figure shows that the VTPR retrieved atmospheric profiles (left) are in general in agreement with the radiosonde-observed profiles (right).
Concerning the VTPR retrieved dew-point temperature profile, we should remember here that the shape of the mixing ratio profile has been determined from the statistical relation as shown in Eq. (14), while the total amount of water vapour has been determined from Eq.
(13). The matrix H in Eq. (13) has been statistically determined using radiosonde temperature/humidity data sampled from the Japan islands.
In order to obtain more vertical resolution of the dew-point temperature profile, it is necessary to use multi-channel water vapour absorption band data. The TIROS Operational Vertical Sounder (TOVS) aboard the TIROS-N to be launched in 1978 will provide the three channel water vapour absorption infrared data to determine the moisture profiles with more vertical resolution (Coodinator, D.R.S., 1976).
The atmospheric attenuation for an atmospheric moisture profile can be investigated using the transmittances of water vapour defined in Eq. (12). Fig. 28 shows the water vapour transmittances in the 535 cm-' and 833 cm-' regions, obtained for the VTPR retrieved moisture profile shown in Fig. 27 . In order to exanine the validity of the transmittance values thus obtained, we have also computed the transmittances for the radiosonde-observed profile at Naze shown in Fig. 27 , using the program "LOWTRAN 3" (Selby and McClatchey, 1975) . The result has indicated that the water vapour transmittances obtained in the present procedure are only about 0.1 smaller than those obtained using the "LOWTRAN 3", This means that the water vapour transmittance values shown in the figure are reasonable. The next problem is to determine the sea surface temperature distribution over the cloudfree region shown in Fig. 26 . As stated in 2.3, the dew-point temperature profile shown in Fig. 27 has been determined simultaneously with the sea surface temperature averaged over the clear region. In order to obtain the sea surface temperature distribution over the region, we further assume that 1) the vertical temperature and dew-point temperature profiles are the same over such a limited area as constructed by the 8 X 8 scan spots, and therefore 2) the different brightness temperature for each scan spot over the area are simply due to the different sea surface temperature there. Fig. 29 shows these a surface temperature distribution and its departure from the channel 8 brightness temperature pattern. Although in the figure the temperature patterns cover the whole of the cloudy regions, the sea surface temperature distribution is only defined over the cloud-free region. Since the temperature patterns over the cloudy regions are simply obtained using the same principle as used for determining the sea surface temperature distribution, they represent simply the cloud regions, not the cloud top temperature patterns.
The computed sea surface temperatures over the cloud-free region are about 4°C higher than the channel 8 brightness temperatures over the same region. Though the computed temperatures are 1 to 2°C higher than the ship-observed sea surface temperatures over the same region, the results obtained here indicate that the difference between the channel 8 brightness temperatures and the sea surface temperatures over the cloud-free regions are estimatable from the VTPR radiance data only, without using the radiosonde sounding data.
In the present work, no temperature and pressure dependencies have been corrected for the absorption coefficients of water vapour, nor have fine pressure intervals been used for the pressure integration of the radiative transfer equation. Therefore, if these points are taken into account in future, the results obtained above will be improved so as to better agree with the observations. The advantages taken by the method for obtaining sea surface temperature distribution are as follows : 1) it is possible to construct the sea surface temperature distribution without greatly modifying the original VTPR window brightness temperature patterns, and 2) it is possible to construct the instanteneous but not time-averaged sea surface temperature distribution over the cloudfree regions without using radiosonde sounding data.
Concluding remarks
The analysis of the 8 channel VTPR radiance data collected during the AMTEX '74 and '75 shows that over the cloud -free regions the VTPR data are useful not only for retrieving the atmospheric temperature and moisture profiles but also for determining the sea surface temperature distribution related to largescale ocean currents in the western Pacific.
However, the small number of the water vapour channels (only one channel) makes it difficult to determine vertical moisture profiles of higher resolution. The VTPR radiance measurements with the 70 km-120 km horizontal resolution are not appropriate for detecting small-scale ocean currents. Therefore, a radiometer of greater vertical and horizontal resolutions is necessary to obtain more detailed information about the atmosphere and ocean surface.
In this paper, neither atmospheric profiles nor sea surface temperature distributions over cloudy regions have been derived using the NOAA VTPR data. In order to derive atmospheric profiles and also sea surface temperature distributions over the cloudy regions, it is necessary to use satellite microwave radiometer data.
Analyses of the Nimbus E Microwave Spectrometer (NEMS) data (Staelin et al., 1975 ; Grody, 1976 and Staelin et al., 1976) , and the Nimbus 6 Scanning Microwave Spectrometer (SCAMS) data (Grody and Pellegrino, 1977) have indicated the importance of microwave techniques in deriving atmospheric soundings under nearly all weather conditions. The studies using such satellite microwave radiometer data for the western Pacific will be presented in future reports.
The TIROS Operational Vertical Sounder (TOVS) aboard the TIROS-N to be launched in 1978 will also provide 4 channel microwave radiance data in addition to 36 channel infrared radiance data. Therefore, the TIROS-N TOYS data will be of great value not only for operational purpose but also for research purpose. 
